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ABSTRACT - Thermal conductivity, electrical resistivity, Lorenz ratio, and thermo-

power have been determined for several aerospace alloys between 4 and 300K: titanium

A-110AT, Inconel 718_ Hastelloy X,* and aluminum 7039. These data are presented

graphically. By utilizing detailed numerical and theoretical analyses, we have been able

to separate the electronic and lattice contributions to the total thermal conductivity.

Various scattering mechanisms have also been resolved for both types of conduction.

The first three alloys are predominately lattice conductors at low temperatures, with

total Lorenz numbers as high as 15V2/K s near ZOK.
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titanium alloy, titanium A- 110 AT.

I. INTRODUCTION J

Design and development engineers in the aerospace industry continue to have urgent

need for thermal and mechanical property data for new materials. For most materials,

especially uncommon alloys, measured values of thermal conductivity are not available

and predictions cannot yet be made with adequate confidence. To help satisfy the im-

mediate need for such data we are making thermal conductivity measurements on several

alloys of direct interest to NASA.

t" This work was carried out at the National Bureau of Standards under the sponsorship

of the National Aeronautics and Space Administration, Space Nuclear Propulsion Office,

Cleveland. Not subject to copyright.

* The use in this paper of trade names of specific products is essential to a proper under-

standing of the work presented. Their use in no way implies any approval, endorsement,

or recommendation by NBS. See item [6] in "References" for alist of trade name desig-

nations.
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Because accurate low temperature measurements of thermal conductivity are ex-

pensive and time consuming, no standards laboratory can hope to measure all technically

important materials over a wide temperature range. For this reason the work at NBS

includes the measurement and characterization of standard reference materials which

will encourage and facilitate measurements at other laboratories. We are also measuring

the thermopower and electrical resistivity of each specimen to enhance our ability to pre-

dict thermal conductivity of unmeasured materials by using the more readily obtained

electrical resistivity data and Lorenz ratio analysis. This program is directed toward

the acquisition of thermal conductivity data with an accuracy of about 1% or better at tem-

peratures from 4 to 300 K.

Data are reported here for titanium A-IIOAT, aluminum 7039, Inconel 718, and

Hastelloy X. Preliminary data for titanium A-IIOAT and aluminum 7039 were pre-

sented [l]11ast year at the 7th Thermal Conductivity Conference. The data presented

here are final values based upon more sophisticated data analysis and more accurate

thermocouple calibration tables.

Measurements have also been completed.for a specimen of Armco iron, PO-3 graph-

ite and reactor grade beryllium. These data however are still in preliminary form and

will be presented in a later publication.

II. METHOD OF MEASUREMENT AND APPARATUS

The apparatus used is based on the axial one-dimensional heat flow method. The

specimen is a cylindrical rod with a heater at one end and temperature controlled heat

sink at the other. The heat sink is controlled to any temperature from 4 to 300K by

means of several cryogenic baths and an automatic electronic temperature controller.

The sample assembly is surrounded by a cylindrical temperature controlled shield to

reduce heat losses by conduction and radiation. Tt, further reduce losses by radiation

the space between the shield and the specimen is filled with high-density glass fibers.

The entire sample-shield assembly is enclosed in a container and evacuated to less than

10 -s torr (l. 3 × 10 "3N/m _). A detailed description of this apparatus was presented at the

7th Thermal Conductivity Conference [I ].

III. RESULTS

Table I lists specimen diameter, composition, and fabrication condition for the

materials measured. Also included in Table I are hardness and grain size of each speci-

men.

x Numbers in brackets designate references listed at the end of this paper.
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Thethermal conductivities of the measured specimens are presented in figure 1.

The curves were calculated from equations fitted to the experimental data. The equations

represent the data to approximately their inherent random scatter; thus the fit does not

contribute significant systematic error nor does it result in oscillations due to overfitting.

The electrical resistivity data are presented in figures Z and 3. Note that the values for

titanium A-II0 AT, Hastelloy X and Inconel 718 (fig. Z) are large and change by only a few

percent over the entire range because of the high percentage of alloying. The minima at

low temperatures (_ Z0K) for these three specimens is evidence of magnetic ordering,

possibly the Kondo effect [Z]. The electrical resistivity of aluminum does not exhibit a

minimum at low temperatures and changes by about a factor of three from 4 to 300K.

The Lorenz ratios of these specimens are given in figures 4 and 5. For the specimens

of titanium A-110 AT, Hastelloy X and Inconel 718 it is obvious from the high Lorenz

ratios at low temperature that the lattice contribution to the total conductivity is about

six times greater than the electron contribution. Such high lattice contributions are often

alluded to in the literature for alloys but not often confirmed experimentally. Similar

curves are expected for other low temperature structural alloys. The thermopowers of

these alloys with respect to "normal" silver (Ag - 0.37 atomic % Au) are presented in fig'
ure 6.

Table I

Material, Condition Rockwell Av. Grain

Diameter (Structure) Hardness Size (ram)

Composition Weight %

(values listed if> 0.1%)

Ti-A110AT Annealed C-35 0. 015

I. 13 cm (HCP)

Ti-bal, A_-5.5, Sn-Z.5,

Fe-0.2, C, N, H.

At 7039 T 61 B-75

0. 367 cm (FCC)

0. 005

(10:1

elonga-

tion with

s ampl e

length)

At-bal, Zn-3.6, Mg-Z. 55,

Mn-0.23, Cr-0. Z0, Fe,

Cu, Si, Ti, Be

Inconel 718 Age-" C-39

i. 13 cm hardened

(BCC +

FCC ppt)

0.06 Ni-54.57, Cr-18.06,

Fe-17.08, Nb + Ta-5. iZ,

Mo-3.18, Ti-0.85, At0.44,

Mn-0.29, Si-0.24, Cu, C,S.

Hastelloy X Annealed B-88

1.13 cm (BCC +

FCC ppt)

0.08 Ni-bal, Cr-21.06,

Fe-17.58, Mo-9.15,

Co-l. 45, W-0.65,

Mn-0.53, Si-0.43, C-0.1Z,

P, S.
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Figure I. Thermal Conductivity of titanium A-ll0 AT, aluminum 7039, Inconel 718

and !lastelloy X.
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Figure 3. Electrical Resistivity of aluminum 7039.
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IV. DISCUSSION

Preliminary component analyses of the thermal conductivity data have been accom-

plished to determine the scattering mechanisms affecting the lattice component of the

conductivity. The separation of components has been carried out as follows:

We assume additivity of electronic ()_e)and lattice (_g) thermal conductivities, i.e.,

= ke + kg " (1)

The reciprocal of the electronic conductivity, the thermal resistivity, W e , is separated

into impurity (Wo), intrinsic (Wi), and interaction (Wio) components:

kel =--W e = W o + W i + Wio-= W o ÷ W I. (Z)

The electrical resistivity can be similarly separated:

P = Po +pi +pio : Po + pI "
(2a)

The impurity component, Wo, is computed from the Wiedemann-Franz law

Po (3)
Wo - LsT '

where L s = Sommerfeld value of Lorenz ratio and 0o is the residual electrical resistivity.

The sum of intrinsic and interaction terms, W I - W i + Wio, is computed from

aI (4)
WI:L-7,

where L i is the intrinsic Lorenz ratio and p I is the sum of intrinsic plus interaction elec-
trical resistivities.

Equation (4) is obtained as follows:

The interaction terms Wio and _o are assumed to be of the form

_WiW o

Wio- BWo+_W i
(5)

_ Po

Pio - _÷_¢pi

whereof, _, and _ are constants near unity. The intrinsic Lorenz ratio is defined by

Pi

Wi: Li T

(6)

(7)
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The value of L i, as obtained from other measurements and theory, approaches L s at high
temperature and falls to zero quadratically at very low temperature.

The intrinsic Lorenz ratio is obtained from data reported by White and Woods [3]

for copper, sodium, and several transition elements. These data (L i = Pi/Wi T) were plot-

ted versus T/0 D, where 8 D is the Debye temperature. An average curve weighted

heavily toward copper was drawn and used for L i values in this work. There is a rel-

atively large uncertainty here because of the spread in the curves for different materials,

however, since W i is small compared to W o for the materials investigated, the overall

error in W o is small. Values of L i versus T/8 D are given in table II.

Table II

Li Li

V_/K 2 T/_ D V_/K _ T/0 D

0

05

I0

0 X I0 "s

.32

.80

1.12

1.35

1.53

I. 69

1.81

1.92

15

2O

25

30

35

40

2.02 X I0 "s

2.10

2.23

2.32

2.37

2.40

2.42

2.43

2.44

45

50

60

70

80

90

1.00

1.50

2.00

Combining equation (3), (5), (6) and (7) we obtain

_ __ ctPiPoPi + (8)
W I = Wi + Wio - Li T T(_P o L i +_PiLs )

Since Pi << Po' WI << Wo at low temperatures, and L i approaches Ls at high temper-
atures,we can obtain a further simplification with little loss of accuracy:

We = Wo +WI_Wo + L-_ i +
PiPo j P____I (9)_Pi + _Po = w° + Li T

We thus obtain the electronic thermal conductivity component

_I

- Po P - Po
(10)

We then obtain the lattice thermal conductivity component from (I) and (I0):

-l

kg = k (._sO P-Po- + (Ii)
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The analysis of lattice conductivities is not yet completed; however, some prelim-

inary remarks seem appropriate. At low temperatures kg.for these specimens as calcu-
lated from equation (II) varies as T n where n in all cases Is between l and 2. The value

of n = 2 would be expected if the phonons were scattered primarily by electrons and dis-

locations. However an exponent nearer unity, is observed. This suggests the possibility

of considerable scattering by planar defects such as stacking faults or laminar precipi-

tates at grain boundaries. Pippard [4] derived the temperature dependence of the lattice

conductivity for the case of phonons with wavelengths larger than the mean-free-path of

interacting electrons. This scattering mechanism results in k-_ T also. The value of n

for the Inconel 718 specimen is somewhat larger than for the ot_er specimens, thus indi-

cating the presence of significant dislocation scattering. At high temperatures the kg

versus T curves decrease in slope indicating the presence of significant point imper-

fection scattering and possibly umklapp scattering. At this time it is difficult to be sure

of which scattering mechanisms are present, especially at the lower temperatures. How-

ever it is likely that the mechanism described by Pippard [4] is in part responsible for

the observed behavior of k-. Similar behavior was observed in silver-antimony alloys

below 4K by Zimmerman _]. Further metallurgical investigations on these specimens

may lead to abetter understanding of the mechanisms present. The details of this work

will be published in the near future.

[l]

[z]

[3]

[4]

[5]
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by International Nickel Corporation.

PO-3 is the registered trade name for a graphite produced by Pure Carbon
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